1. Habitat loss leading to smaller patch sizes and decreasing connectivity is a major threat to global biodiversity. While some species vanish immediately after a change in habitat conditions, others show delayed extinction, that is, an extinction debt. In case of an extinction debt, the current species richness is higher than expected under present habitat conditions.
| INTRODUC TI ON
Habitat loss, caused, for example, by land-use change or urbanization, is the main threat to global biodiversity (Foley et al., 2005; Haddad et al., 2015; Newbold et al., 2015) . Habitat loss also leads to the fragmentation of habitats into smaller patches and decreases connectivity among remaining patches (Fahrig, 2003) . Small population sizes and lower gene flow are direct consequences (Ewers & Didham, 2006; Honnay, Jacquemyn, Bossuyt, & Hermy, 2005; MacArthur & Wilson, 1967) . Ultimately, habitat loss and fragmentation may cause species extinction and a decline in local species richness (Noh, Echeverría, Pauchard, & Cuenca, 2019; Olsen, Evju, & Endrestøl, 2018) .
According to metapopulation theory, the long-term survival of a species in a network of habitat patches is determined by the number, size, and spatial configuration of habitat patches (Hanski & Ovaskainen, 2002) . As long as the network fulfills necessary conditions in terms of habitat amount and connectivity, a species can persist in the network. If the conditions are not fulfilled, the species cannot survive and becomes eventually extinct (Hanski & Ovaskainen, 2002) . However, as not all species respond at the same pace to changing environmental conditions or if the conditions are only slightly below the extinction threshold, it often takes time before a species becomes locally extinct (Hanski & Ovaskainen, 2002; Kuussaari et al., 2009 ). Translated to the community scale, this suggests that the number of species occurring in a habitat patch after an environmental change (e.g., decrease in habitat area or quality) will only reach a new equilibrium after some time. This delayed extinction of species is called extinction debt (Kuussaari et al., 2009) . At the community level, an extinction debt can thus be characterized as a current species richness that is higher than would be expected given the present environmental conditions or area of a habitat patch (Kuussaari et al., 2009) . Whether a species goes immediately locally extinct because of a change in habitat conditions or whether it is affected by an extinction debt depends on its biological characteristics (Hanski & Ovaskainen, 2002; Hylander & Ehrlén, 2013; Kuussaari et al., 2009; Saar, Takkis, Pärtel, & Helm, 2012) . Specialist species are especially prone to extinction debts, because they are more dependent on a particular habitat type, and they respond sensitively to changes in environmental conditions (Henle, Davies, Kleyer, Margules, & Settele, 2004; Olsen et al., 2018) . Due to the sedentariness and longevity of most plants, it can be further assumed that they are more susceptible to extinction debts than short-lived mobile organisms such as invertebrates (Krauss et al., 2010; Morris et al., 2008; Thomas et al., 2004) . It has been shown that short-lived plants respond faster to changes in patch area and connectivity than long-lived plants (Lindborg, 2007) . Hence, long-lived plant species and their populations can persist for extended time periods even under unfavorable environmental conditions (Bagaria, Rodà, Clotet, Míguez, & Pino, 2017; Eriksson, 1996; Krauss et al., 2010) . The distribution of long-lived plants is thus expected to be more strongly related to historical patch area and connectivity than in short-lived plants (Kuussaari et al., 2009; Lindborg, 2007) .
One of the challenges when studying extinction debt is the availability of appropriate historical and current data about habitats and species occurrence. Depending on which kind of data is available, there are different methods to identify potential extinction debt (Kuussaari et al., 2009 ). Here, we related current species richness of vascular plants and bryophytes, the main primary producers in wetlands, with a series of historical and current measurements of patch area and connectivity in order to check for evidence of an extinction debt. If the current species richness in wetlands is better explained by historical than by current patch area and connectivity, an extinction debt may exist (Kuussaari et al., 2009; Semper-Pascual et al., 2018) .
The study was conducted in the wetlands of the canton of Zürich in the lowlands of Eastern Switzerland. In this region, wetlands experienced a loss in area of over 90% and a severe decline in connectivity during the last 150 years, caused by land-use intensification and later also by urbanization (Gimmi, Lachat, & Bürgi, 2011) .
Nowadays, the remaining wetlands have an island-like distribution.
Due to this severe habitat loss (Gimmi, Wiedmer, Graf, & Marti, 2015) and the dominance of perennial plant species in wetlands (Ellenberg, 1996) , we expected the occurrence of an extinction debt.
Most studies on extinction debts have been conducted in dry grasslands (e.g., Adriaens, Honnay, & Hermy, 2006; Bagaria et al., 2017; Cousins, Ohlson, & Eriksson, 2007; Helm, Hanski, & Pärtel, 2006; Lindborg, 2007; Olsen et al., 2018) or in woodlands (e.g., González-Varo, Albaladejo, Aizen, Arroyo, & Aparicio, 2015; Kolk & Naaf, 2015; Vellend et al., 2006) . Studies about the evidence of extinction debt in other habitat types such as wetlands are still rare, even though the biodiversity of wetlands has recently declined around the world (Parish et al., 2008; van Diggelen, Middleton, Bakker, Grootjans, & Wassen, 2006) and many wetland species are threatened (e.g., Bornand et al., 2016) . The main causes for this decline in wetlands are drainage, peat extraction, and intensification of agriculture (Fischer, 2015; Küchler et al., 2018; Mälson, Backéus, & Rydin, 2008) .
In this study, we hypothesized that (1) not only current area of wetland patches and connectivity explain current vascular plant and bryophyte species richness but also historical wetland patch area and connectivity, hence pointing to an extinction debt in the wetlands of the canton of Zürich due to severe recent habitat loss (Hanski & Ovaskainen, 2002; Kuussaari et al., 2009) , (2) specialist plant species of wetlands are more likely to be affected by an extinction debt than generalist plant species, because they are more dependent on wetlands, and (3) long-lived plant species are more likely to be affected by an extinction debt than short-lived plant species, as long-lived plant species respond more slowly to changing environments.
| MATERIAL AND ME THODS

| Study area
The study was carried out in wetlands of the canton of Zürich Switzerland. The canton of Zürich has a very high population density (1.5 million; Kanton Zürich, 2019) and a sprawling urban agglomeration (Lachat et al., 2010) . Despite urbanization and industrialization, numerous wetlands still exist today (total area: 12.33 km 2 ) at elevations between 350 and 950 m a.s.l. (Gimmi et al., 2011) . The glaciers of the Ice Age created a terrain that favored the formation of wetlands (Grünig, 2007) . Even if the canton of Zürich is still rich in wetlands, especially in comparison with other regions of Switzerland, there has been a massive loss of its wetland area of more than 90% during the last 150 years due to peat extraction and drainage (Gimmi et al., 2011) . The main motivation for drainage was the need to expanse the agricultural area for a growing population in the 19th and 20th century (Stuber & Bürgi, 2019) . The wetlands of the canton of Zürich are nowadays well protected, and conservation management is implemented at most sites. Wetlands in the canton of Zürich can be mainly classified as fens (BUWAL, 1990) . Bogs are much rarer (Grünig, Vetterli, & Wildi, 1986) and have not been considered in this study. Fens are usually mown once per year in September.
| Wetland area and connectivity since 1850
Gimmi et al. Grosjean, 1996) . All maps had a scale of 1:25,000. Because the different historical maps had used different criteria for the definition of wetlands, a complex procedure, which is explained in detail in Gimmi et al. (2011) , has been applied to compare the maps. Gimmi et al. (Gimmi et al., 2011) .
Based on the data of Gimmi et al. (2011) , we first determined the area of all wetlands in 1850, 1900, 1950, and 2000 , respectively.
Secondly, we measured wetland area within buffers of 1km or 2km
in radius with different starting points of the buffer, either from the center of a focal wetland patch or from its perimeter, to quantify present and historical connectivity. We also measured the reachable wetland area starting from the perimeter of a wetland focal patch within buffers of 1 km or 2 km in radius. In this latter case, if a wetland was positioned on the edge of the buffer not only its area strictly within the buffer but its full area, even if outside the buffer, was taken into account. In doing so, we created six connectivity variables for all wetlands in the canton of Zürich in 1850 , 1900 , 1950 , respectively, using Arc MAp 10.4.1 (ESRI, 2015 .
| Plant richness of current wetlands
Presence and coverage of all vascular plant and bryophyte species were surveyed in 55 current wetlands of the canton of Zürich.
The 55 wetlands were selected in a randomly stratified way out of the 708 wetland patches of the canton of Zürich in the year 2000 (Gimmi et al., 2011) . Stratification criteria were current and historical patch area and connectivity. We aimed to include as much varia- 
| Species groups
We classified plant species into eight different groups: (1) all vascular plant species; (2) wetlands specialists among vascular plants; , 1990 ). In the 55 wetlands studied, specialist species included mainly characteristic wetland species of the phytosociological alliances Caricion davallianae, Molinion, Magnocaricion, Phragmition, Calthion, or Filipendulion (Ellenberg, 1996) . To group vascular plants into short-and long-lived species, we used the plant strategy indicator of Grime, Hodgson, and Hunt (2007) . It differentiates species into competitive plants (C), stress-tolerant plants (S), and ruderal plants (R). C species are competitive and long-lived. S species are able to survive under extreme environmental conditions and are usually long-lived. R species are fast-growing species with a short lifespan. Landolt et al. (2010) assigned each plant species of Switzerland to one of the following combinations: ccc, ccs, ccr, sss, css, ssr, rrr, crr, srr, csr. Species with at least one r in their three-digit combination were classified as short-lived, whereas species without an r were classified as long-lived. In order to check whether this procedure made sense, we compared shortand long-lived species with the mean maximum age of species in the two groups given by Landolt et al. (2010) . Maximum age, however, was only available for 18.7% of the species, but the difference in mean age between the groups was significant (mean maximum age: short-lived species: 4.7 yr ± .6 SE; long-lived species: 20.8 yr ± 10.9 SE; one-way ANOVA; p-value = .017 in R 3.4.3;
R Developement Core Team, 2017).
| Statistical analysis
To check for collinearity among connectivity variables, we correlated them in a pairwise way using Pearson correlation coefficients for 1850, 1900, 1950, and 2000 , respectively, in R. Many connectivity variables were highly correlated. We selected wetland area within a buffer of 2 km with starting point at the center of a focal wetland patch (buffer area henceforth) for our models, because it was highly correlated with all other connectivity variables in the dif- We first used multiple linear regressions to analyze whether current species richness was better explained by historical or current patch area and buffer area. Species richness per wetland of each of the eight species groups was used as dependent variable and patch area and buffer area as independent variables for the four periods 1850, 1900, 1950, and 2000, respectively. We log-transformed all dependent and independent variables. Due to outlier values, we performed robust regression using function lmrob with default settings in package robustbase (Maechler et al., 2018) in R. In robust regressions, outliers do not need to be removed, as their effects on the model are reduced giving less weight to large residuals (Rousseeuw & Leroy, 1987) . For all independent variables, we additionally performed simple linear regressions and used the R 2 values to analyze their influence on current species richness.
To determine the species richness that would be expected based on a given current wetland area, we divided the wetlands into wetlands with a relatively constant area since 1850 and wetlands with a strong reduction of the area in the past, similar to Helm et al. (2006) and Piqueray et al. (2011) . Constant-area wetlands were those 27
focal wetlands with a loss in area of less than 50% during the last 150 years (average remaining area 88%). In the 28 wetlands with an area reduction in more than 50%, the average remaining area was only 18%. In the constant-area wetlands, patch area was a significant or marginally significant predictor (p always below .06) for the species richness of specialists, the species richness of short-lived specialists and the species richness of long-lived specialists in all four time periods (Table A1 ). All confidence intervals of regression coefficients were considerably overlapping for each of the response variables in all four time periods, and slopes for each response variable in the four time periods differed by no more than 10.05% (SD 7.04%) on average.
The species richness-area relationship in these patches thus remained relatively stable, that is, species richness is consistent with an equilibrium conclusion. We therefore used the regression of current species richness on current patch area (both variables log-transformed) in the constant-area or equilibrium wetlands to predict species richness in the area-reduced wetlands (Table A1 ). For each species group, a separate robust regression model was calculated. We then performed a sign test with the SIGN.test function in R to test whether the residuals between the current species richness and the predicted species richness of area-reduced wetlands were more often positive than negative, that is, whether the area-reduced wetlands had an excess of species given their area and thus exhibited an extinction debt.
To assure that constant-area and area-reduced wetlands did not differ in habitat quality, we calculated mean indicator values according to Landolt et al. (2010) and the standard deviation of these indicator values for each wetland based on presence-absence data of vascular plants. Table A2 ). Additionally, we tested in the same way for differences in elevation, patch area, and buffer area between the constant-area and the area-reduced wetlands. There were no significant differences (p always > .1; Table A2 ). We thus concluded that the constant-area and the area-reduced wetlands did not differ with respect to possible confounding factors.
| RE SULTS
In total, we found 567 species in the 55 wetlands studied in the canton of Zürich (Table 1 ). An average of 70.2 (±2.6 SE) vascular plant species and of 27.2 (±1.3 SE) bryophyte species was found per wetland. Generalist vascular plant species were slightly more frequent (37.7 ± 1.7 SE) than specialist vascular plant species
-values of multiple regression models with the independent variables patch area and buffer area for specialists were higher in all time periods than those of other species groups. Models explained up to 39% of the variation for current short-and long-lived specialist species richness (Table 2 ). Historical models for shortand long-lived specialists also had high R 2 -values, mostly above 20% (Table 2 ).
Current patch area had a significant positive effect on species richness of all vascular plants and bryophytes and on the species richness of specialist species (including short-and long-lived specialists). In contrast, species richness of generalists was not affected by current patch area (Tables 2 and A3) . Historical patch area, however, also had strong significant and positive effects on species richness of all specialists and of short-and long-lived specialists in particular. Generalists were not related to historical patch area, and only the patch areas in 1900 and in 1950 had a significant positive effect on total species richness of long- Table A3 ).
Buffer area was substantially less strongly related to current species richness than patch area, and the R 2 -values of the models only including buffer area were generally below 10%. Exceptions were species richness of specialists and long-lived specialists, where current buffer area explained 21% of the variation for both groups, thus explaining a similar amount of variation than current patch area ( Figure 2 ; Table A3 ). Significant positive relationships of historical buffer area in the single regressions were restricted to species richness of specialists and long-lived specialists with buffer area of 1900 and 1850 being significant (Table A3 ). In the regressions including both patch area and buffer area, buffer area was positively related to species richness of specialists and long-lived specialists, but negatively to species richness of long-lived generalists of 1900 and 1950 and to species richness of bryophytes in 1850 and 1950 (Table 2 ). All other measures were not significantly affected by historical buffer area.
Current species richness of all specialists and of long-lived specialists in wetlands, which strongly decreased in patch area, were significantly more often above the regression line of the species-area relationship based on constant-area wetlands than below it (Table 3, Figure 4 ). This means that the species richness of specialists of wetlands that strongly decreased in patch area was higher than expected. In contrast, current species richness of short-lived specialists, generalists, and bryophytes showed no significant effects (Table 3) . Differences between the regression slopes for regressions of current species richness on the patch area of the constant-area or of the area-reduced wetlands were not significantly different (Table A1) . However, the differences between the regression slopes (constant-area wetland minus area-reduced wetland) were significantly positive for the slopes of long-and short-lived specialist of all periods taken together (mean difference in slopes = .065 ± .009 SE; t-test, p < .001). This means that the mean slope of the regressions of specialists on patch area of the area-reduced wetlands was shallower than the slopes of the constant-area wetlands. For long-and short-lived generalists, the difference between regression slopes (constant-area wetland minus area-reduced wetland) was not significant (mean difference in slopes = .005 ± .036 SE; t-test; p = .205). current habitat area and connectivity explained species richness best:
| D ISCUSS I ON
(1) current species richness of wetlands with a substantial loss in area was significantly higher than expected for long-lived specialists; (2) regression slopes for long-and short-lived specialist species richness were shallower in area-reduced wetlands than in constant-area wetlands; (3) historical patch area and to a lesser degree also historical connectivity measured by buffer area explained significant amounts of variation in current species richness especially for long-lived specialist species, despite low correlations between patch area and buffer area among the different time periods studied. Therefore, we assumed an unpaid extinction debt especially for long-lived specialist vascular plant species and to a weaker degree also for short-lived vascular specialists of wetlands. Without the implementation of adequate conservation measures, future extinctions among these species in individual wetlands are expected to occur (Kuussaari et al., 2009 ).
Overall, patch area explained current species richness much better than buffer area. Similar results for plants were found by Adriaens et al. (2006) and Cousins et al. (2007) in dry grasslands. While our study area had significant relationships to current species richness across all time periods (i.e., 1850, 1900, 1950, and 2000) , connectivity was only rarely related to current species richness in a significant way (Table 2) .
Moreover, regression models including patch area had, in most cases, Historical buffer area, however, explained markedly less variation than historical patch area. In other studies, habitat area and connectivity often explain similar amounts of variation (Helm et al., 2006; Noh et al., 2019) , or only connectivity shows significant effects (Lindborg & Eriksson, 2004) . This may be due to the fact that, in comparison to other studies, we examined three different historical time periods over a long time period of about 150 years. The conditions for finding evidence of a possible extinction debt in our study were good, as the wetland area in the canton of Zürich has declined drastically during the last 150 years, with the remaining wetland area being only about 10%
of that in 1850 (Gimmi et al., 2011) . Such a strong habitat loss in the past is a prerequisite for the occurrence of an extinction debt (Hanski & Ovaskainen, 2002) .
The species group with the most decisive evidence for a possible extinction debt was the long-lived specialist species of vascular plant.
Current specialist species richness was significantly related to patch area in all time periods (Table 2) Table A3 ). The high R
2
-values of models of all specialists and of long-lived specialists in particular based on historical patch area were remarkable (Figure 3 ; Table A3 ), as they generally explained between 20% and 28% of the variation in current species richness, that is, historical patch area was a good predictor of current species richness.
Furthermore, the current specialist species richness of long-lived species in wetlands that strongly decreased in patch area was significantly higher than the predicted species richness based on the species-area relationship of equilibrium wetlands (Table 3 ; Figure 4 ). All other species groups showed nonsignificant results. Long-lived plants are able to persist under unfavorable environmental conditions, because of their longevity. They thus build remnant populations (Bagaria et al., 2017; Eriksson, 1996 they have shorter generation times and must reproduce regularly in order to persist (Honnay et al., 2005; Kuussaari et al., 2009; Morriset al., 2008) . However, the short-lived specialist species also showed evidence of a possible extinction debt as historical patch area always significantly explained their current species richness. Short-lived species may show delayed extinction in remnant habitat patches if their vital rates are only weakly affected (Hylander & Ehrlén, 2013) . Furthermore, specialists are more likely to be affected by extinction than generalists as they have a higher sensitivity to changing environmental conditions.
Specialists depend more strongly on particular environmental conditions and habitat types, which persist in habitat islands embedded in an unsuitable landscape matrix favoring generalist species (Adriaens et al., 2006; Ewers & Didham, 2006; Henle et al., 2004; Olsen et al., 2018 ).
As we found stronger evidence of a possible extinction debt for longlived than short-lived specialist vascular plant species in our study, all three of our hypotheses were confirmed: We found that (1) besides current patch area, past patch area also explained current species richness of vascular plants in a substantial and significant way and that current species richness was higher than expected in wetlands that lost a substantial part of their former area, (2) specialist species were more strongly affected by a possible extinction debt than generalist species and (3) long-lived plant species were more affected by a possible extinction debt than short-lived plant species. This greater sensitivity to an extinction debt of long-lived specialist plant species has also been confirmed by other studies in other habitat types (e.g., Bagaria et al., 2017; Krauss et al., 2010; Lindborg, 2007; Noh et al., 2019) .
The connectivity variable buffer area in 2000 showed a weaker relationship to current species richness than patch area in most species groups. However, current richness of long-lived species and buffer area in 2000 were strongly related which points to the importance of current connectivity for these species.
Functional connectivity is only strongly decreased if suitable area in a landscape is reduced to 10%-20% of its original area (Fahrig, 2003; Pardini, de Bueno, Gardner, Prado, & Metzger, 2010; With & King, 1999) . In fact, such a threshold is reflected in the cover changes of the wetlands of the canton of Zürich between 1950 and 2000 (Gimmi et al., 2011) and also in our studied wetlands Bryophyte species richness was not affected by an extinction debt in our study: historical patch area was never significantly related to current bryophyte species richness. Current patch area, however, affected bryophyte species richness positively, although the R 2 value was low. The positive effect of current patch area and the lack of effects of historical patch area lead to the conclusion that there was no extinction debt for bryophytes. This is supported by the lack of systematic positive deviations of the species richness of area-reduced wetlands from that of constant-area wetlands in bryophytes. Local extinctions of bryophytes may thus have already occurred. Fast extinctions of bryophyte species in habitat remnants have been shown for epiphytes (Hylander & Weibull, 2012) , and there is at least one documented example of a wetland bryophyte species (Meesia longiseta) that vanished from the wetlands of Zürich in the early 20th century (Hofmann et al., 2007) . Although good long-distance dispersal abilities of many bryophytes due to their small spores (Hutsemekers, Dopagne, & Vanderpoorten, 2008; Patiño & Vanderpoorten, 2018) and their capability for asexual propagation (e.g., by means of specialized propagules or clonal expansion; Rydin, 2009) should reduce the risk of local extinction in bryophytes, bryophytes are also known to react sensitively to changing environmental conditions such as changing water levels or increasing nutrients (Bergamini & Pauli, 2001; Boch et al., 2018; Vitt & Chee, 1990) . Slightly changing environmental conditions in the wetlands of the canton of Zürich may thus have led to a fast payment of the extinction debt in bryophytes during the last 150 years.
Evidence for an extinction debt means that many species are not yet lost from unfavorable habitat patches, but still occur in habitat patches in which they should not actually occur due to current environmental conditions and habitat area. From our results, it can be implied that long-lived specialist vascular plant species and, to a lesser degree, short-lived specialists have yet only partly responded to the severe habitat loss of the wetlands of the canton of Zürich.
This delayed response makes it possible to prevent or at least to reduce future extinctions of these species through specific conservation measures (Kuussaari et al., 2009; Otsu, Iijima, Nagaike, & Hoshino, 2017) . The first goal must be to prevent any further reduction in wetland area. Then restoration efforts must be taken to increase the quantity of wetlands. Based on our results, restoration measures should be taken as soon as possible, as they help to remove the extinction debt and preserve, promote and protect wetland specialist species (Henle et al., 2004; Kuussaari et al., 2009 ).
In the specific case of the wetlands of the canton of Zürich, there is no time to lose, as the reduction in habitat area of wetlands is dramatic (around 90%) and unpaid extinction debts often occur in habitat types that possess about 10% of their original area (Cousins, 2009; Gimmi et al., 2011) .
| CON CLUS IONS
We show that there is evidence to suggest an unpaid extinction debt in the wetlands of the canton of Zürich, especially for longlived specialist species and somewhat weaker for short-lived specialists. This is evidenced by our findings that, on the one hand, the expected species richness of long-lived specialist species in wetlands with a substantial loss in area was lower than their actually observed species richness and, on the other hand, that historical wetland area-besides current wetland area-explained a substantial and significant part of the current species richness of long-lived wetland specialist plant species. There is still time to take conservation measures to prevent future extinction in the wetlands of canton of Zürich and elsewhere (Kuussaari et al., 2009; Mitsch & Gosselink, 2000; van Diggelen et al., 2006) . Our study also confirmed that severe habitat loss leads to extinction debt of longlived specialist species not only in dry grasslands and woodlands (Bagaria et al., 2017; Hanski & Ovaskainen, 2002; Krauss et al., 2010) but also in wetlands. The fact that wetlands are under great pressure worldwide and rapidly decline in area (Davidson, 2014; Melton et al., 2013; Parish et al., 2008) further underlines the importance of our finding of a likely extinction debt in wetlands.
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